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Leishmania infection.
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A B S T R A C T
Leishmania amazonensis undergoes apoptosis-like programmed cell death (PCD) under heat shock con-
ditions. We identiﬁed a potential role for inosine 5′ monophosphate dehydrogenase (IMPDH) in
L. amazonensis PCD. Trypanosomatids do not have a “de novo” purine synthesis pathway, relying on the
salvage pathway for survival. IMPDH, a key enzyme in the purine nucleotide pathway, is related to cell
growth and apoptosis. Since guanine nucleotide depletion triggers cell cycle arrest and apoptosis in several
organisms we analyzed the correlation between IMPDH and apoptosis-like death in L. amazonensis. The
L. amazonensis IMPDH inhibition effect on PCD was evaluated through gene expression analysis, mito-
chondrial depolarization and detection of Annexin-V labeled parasites. We demonstrated a down-
regulation of impdh expression under heat shock treatment, which mimics the natural mammalian host
infection. Also, IMPDH inhibitors ribavirin and mycophenolic acid (MPA) prevented cell growth and gen-
erated an apoptosis-like phenotype in sub-populations of L. amazonensis promastigotes. Our results are
in accordance with previous results showing that a subpopulation of parasites undergoes apoptosis-
like cell death in the nutrient poor environment of the vector gut. Here, we suggest the involvement of
purine metabolism in previously observed apoptosis-like cell death during Leishmania infection.
© 2014 Elsevier Inc. All rights reserved.
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1. Introduction
Leishmania spp are the causative agents of leishmaniasis, which
is widely distributed in 88 countries over the world. The esti-
mated global population at risk for this disease is about 350 million
individuals, mainly in tropical and sub-tropical areas. Approximate-
ly 14 million people are infected with 2 million new cases each year
causing an estimated half million deaths (World Health Organization,
2010). Leishmania are digenetic unicellular parasites and display two
distinct phases in their life cycle. In the mammalian host, mac-
rophages are the main target site of infection, where the parasites
survive and grow within the phagolysosomes as amastigotes
(Handman, 1999). In the sand ﬂy vector, amastigotes ingested during
blood feeding on infected hosts transform into dividing promastigotes
(Sacks and Kamhawi, 2001). Leishmania transmission occurs when
an infected vector bites the mammalian host. At this point the para-
sites suffer a heat shock (from approximately 26 °C in the insect to
36 °C in mammals). This abrupt temperature shift kills most para-
sites. It has been demonstrated in vitro that L. amazonensis
promastigotes subjected to a temperature shift die by a calcium-
modulated mechanism and present ultrastructural and molecular
features characteristic of cells dying by apoptosis (Moreira et al.,
1996). For multicellular organisms, apoptosis is an important phe-
notype, responsible for tissue homeostasis among other important
roles (Vaux and Korsmeyer, 1999). Apoptosis-like programmed cell
death (PCD) has been described in different taxa of unicellular pro-
tists, including the protozoan parasites Plasmodium (Al-Olayan et al.,
2002), Trypanosoma (Ameisen et al., 1995) and Leishmania (Moreira
et al., 1996). Different hypotheses for the PCD role in protozoans
have been raised. This type of cell death might be useful for pop-
ulation control in the insect vector (Ameisen et al., 1995) and also,
in the mammalian host, where Leishmania seem to use PCD to
improve their infective ability, mimicking some characteristics of
apoptosis to access the target cells more easily (Wanderley et al.,
2006).
We studied the possible involvement of inosine monophos-
phate dehydrogenase (IMPDH) (AAA29253.1), a key enzyme of the
purine salvage pathway, in Leishmania PCD. IMPDH catalyzes the
rate-limiting step of the guanine nucleotide biosynthesis: the ox-
idation of IMP to xanthosine monophosphate with concomitant
reduction of NAD+ to NADH (Jackson et al., 1975). IMPDH inhibi-
tion reduces guanine nucleotide pools, which blocks cellular
functions such as DNA replication, RNA synthesis, and signal
transduction (Weber, 1983; Weber et al., 1996). These effects
are accompanied by cell cycle interruption, induction of cell dif-
ferentiation and apoptosis (Vitale et al., 1997; Yalowitz and Jayaram,
2000).
Nucleotide synthesis ultimately relies on the correct function-
ing of the “de novo” and/or salvage pathway. Since trypanosomatids
lacks the “de novo” pathway (Hammond and Gutteridge, 1984;
Looker et al., 1983; Marr et al., 1978), alterations in the salvage
pathway generate an unbalance of dNTPs, which could lead to PCD.
We examined the effect of IMPDH inhibition on L. amazonensis PCD.
We evaluated the effect of temperature shift, similar to what occurs
at the moment of the sand ﬂy bite, on impdh expression in
promastigotes andmimicked the down-regulation of L. amazonensis
IMPDH using speciﬁc inhibitors. Following treatment by these drugs,
we evaluated cell growth and PCD markers, including the pres-
ence of phosphatidylserine (PS) in the outer leaﬂet of the plasma
membrane and the alteration in the mitochondrial membrane po-
tential (ΔΨmt).
Our results showed that an abrupt temperature shift was able
to down-regulate L. amazonensis impdh expression. Also,
mycophenolic acid (MPA) and ribavirin (IMPDH inhibitors) blocked
growth and induced the appearance of PCD-like features in
L. amazonensis.
2. Materials and methods
2.1. Parasites
L. amazonensis strain LV79 (WHO type – MPRO/BR/72/M1841)
was used in all experiments. Promastigotes weremaintained at 22 °C
inM199medium (Gibco) supplementedwith 10% fetal bovine serum.
Parasites were periodically passed in vivo by inoculation of 2 × 107
promastigotes into BALB/c mice footpads. After 2–3 months of in-
fection, amastigote forms were puriﬁed as previously described
(Saraiva et al., 1983) and promastigotes were derived from these
by growth at 22 °C in M199 medium (Sampaio and Traub-Cseko,
2003). Axenic amastigotes were derived from promastigote cul-
tures as described previously (Pral et al., 2003).
2.2. L. amazonensis promastigotes IMPDH inhibitor treatment
Promastigote forms grown in M199 medium were treated
with various IMPDH inhibitors. The inhibitors, tiazofurin (MW 260),
benzamide riboside (MW 254), MPA (MW 220.3) and ribavirin
(MW 240), were obtained from the Drug Synthesis and Chemistry
Branch of the National Cancer Institute (Bethesda, MD, USA) and
kindly provided by Dr. Hiremagalur N. Jayaram (Indiana Universi-
ty School of Medicine). The parasites (106 cells/mL) were incubated
in M199 medium at 22 °C, with inhibitor concentrations ranging
from 0.1 to 100 μM. Viable cells were counted every 24 hours for
6 days.
2.3. L. amazonensis cell viability following IMPDH inhibitors
treatment
Antiparasitic effect of IMPDH inhibitors against L. amazonensis
strain LV79 promastigotes was evaluated by a quantitative colori-
metric assay using MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide] (Sigma-Aldrich) (Estevez et al., 2007).
Promastigotes (1 × 106 cells/mL) were treated with and without MPA
and ribavirin at 10 and 20 μM, and incubated at 22 °C. On days 3
and 7 cells were harvested and incubated for 4 hours in 500 μL PBS
containing MTT (0.3 mg/mL). The reaction was blocked with 500 μL
of 50% isopropanol-10% sodium dodecyl sulfate for 30minutes under
agitation at 37 °C. After the formazan crystals were totally dis-
solved the plate was read at 570 nm. The cell viability was
determined based on the optic densities (OD) obtained compared
with control cells using the following equation: cell viability = [OD
for treated cells/OD for untreated cells] × 100. Amphotericin B treated
cells were used as reference. All experiments were repeated three
times.
2.4. RNA extraction
RNA was prepared using Trizol according to the manufactu-
rer’s instructions. Brieﬂy, parasites were centrifuged at 2500 g for
10 minutes and washed twice in Hank’s Balanced Salt Solution
(HBSS). The pellet containing approximately 109 cells was incu-
bated in 5 mL Trizol (Gibco) homogenized and maintained at room
temperature. After 5 minutes, 1 mL chloroform was added, mixed
and the tube was centrifuged at 12,500 g for 15 minutes at 4 °C. The
aqueous phase was removed, the RNA precipitated with isopropa-
nol and stored in water at −70 °C.
2.5. PCR
To analyze the impdh expression proﬁle, a semi-quantitative RT-
PCR was carried out (Access RT-PCR System-Promega) according to
themanufacturer’s instructions. In each reaction, 500 ng of total RNA
from L. amazonensis were used as template. The reaction
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conditions were as follows: an initial hold on 68 °C for 45 minutes
for cDNA synthesis, then 30 cycles at 94 °C for 30 seconds, 60 °C for
1 minute and 68 °C for 2 minutes. The primers were designed based
on the impdh sequence of L. amazonensis (GenBank accession
number: AY370533) (Forward: 5′ATG TTG AGT GGC ACG ACT GAG
A3′, Reverse: 5′GAC TGC TGG AGC CCT TTC G3′). The control primers
for the ITS (Internal Transcribed Sequence of the ribosomal genes)
region were kindly provided by Dr. Alberto Dávila (FIOCRUZ, Brazil)
(Desquesnes et al., 2001). The expression proﬁle of impdh was cal-
culated considering the amplicon densitometry. ANOVA was used
to infer quantitative differences between impdh and ITS.
2.6. Detection of apoptotic phenotype
L. amazonensis promastigotes were cultivated in the presence or
absence of the IMPDH inhibitors ribavirin and MPA (ranging from
1 to 100 μM) for 1, 3, 5, and 6 days and collected for the analysis
of apoptotic markers. The samples were analyzed by ﬂow cytometry
(FACScan Becton & Dickinson) and Cellquest was used to process
the data from at least 100,000 events for each sample.
2.7. Flow cytometric detection of phosphatidylserine (PS)
L. amazonensis promastigotes were incubated in Annexin-V
binding buffer (100 mM HEPES pH 7.4 containing 150 mM NaCl,
5 mM KCl, 5 mM CaCl2, and 1 mM MgCl2) at room temperature for
15 minutes with 10 μg/mL propidium iodate (PI) or PI plus 0.5 μg/
mL Annexin-V-FITC (Clontech).
2.8. Analysis of mitochondrial membrane potential (ΔΨmt)
Promastigotes were collected at different times, incubated at room
temperature for 15 minutes with 60 nM of dihexyloxacarbocyanine
(DioC6) and analyzed by ﬂow cytometry (FACScan Becton &
Dickinson).
3. Results
3.1. Analysis of IMPDH gene expression
The semi-quantitative expression proﬁles of impdh were ob-
tained using ITS as control. Relative expression of promastigote
(under heat shock or not) and axenic amastigote (3 or 6 days old)
forms are shown in Fig. 1. The impdh gene is expressed at similar
levels in L. amazonensis promastigotes and amastigotes. In axenic
amastigotes no signiﬁcant differences in expression proﬁle were de-
tected between 3 and 6 days of culture. Nevertheless, expression
of impdh in promastigotes subjected to heat shock resulted in a sig-
niﬁcant 35% down-regulation in relation to control parasites
maintained at 22 °C.
3.2. Effect of IMPDH inhibitors on L. amazonensis cell growth
and viability
The effect of different IMPDH inhibitors (tiazofurin, benzamide
riboside, ribavirin and MPA) on promastigote growth was tested.
The inhibitors were added at different concentrations (0.1, 1, 10 μM)
to the medium containing 106 parasites/mL, and samples were
counted every 24 hours for 7 days. Tiazofurin and benzamide ri-
boside were also used in 100 μM concentration. The analyses were
repeated four times side by side with parasites grown without the
drugs. Results of the IMPDH inhibitors effect over L. amazonensis
growth are shown in Fig. 2. The parasite response fell into two
groups: MPA and ribavirin had a powerful effect on cell growth,
while tiazofurin and benzamide riboside had no signiﬁcant
effect on parasite proliferation. When 100 μM concentration of
tiazofurin was tested, there was still no inhibition, while this
concentration of benzamide riboside caused a delay in cell growth
(data not shown). Treatment with 0.1 μM MPA and ribavirin
had little effect over parasite growth, with an initial delay of
exponential cell growth. The cells subjected to 1 μM of drugs dis-
played different responses depending on the inhibitor used; while
ribavirin had no inhibitory effect, MPA inhibited growth by 72%.
After 7 days of incubation, the cells subjected to 10 μM of either
MPA or ribavirin, displayed a 93% growth inhibition relative to un-
treated cells (Fig. 2).
The L. amazonensis MTT test after treatment with 10 and 20 μM
of MPA and ribavirin demonstrated no detectable cytotoxicity. Thus,
promastigote cells subjected to IMPDH inhibition were viable (data
not shown).
3.3. Analysis of apoptotic phenotype of L. amazonensis incubated
with IMPDH inhibitors by detection of phosphatidylserine exposure
on the outer plasma membrane leaﬂet
In order to characterize L. amazonensis promastigote PCD fea-
tures, the detection of PS exposure using ﬂuorescein-labeled annexin
V was analyzed by ﬂow cytometry (Vermes et al., 1995). Cells in-
cubated with MPA and ribavirin at several concentrations (1–
20 μM), were analyzed after 6 days. The assay was done in four
independent experiments. The result of ribavirin action on the cells
is shown in Fig. 3. In this assay, the untreated cells were alive and
viable, as evidenced by the absence of a signiﬁcant population of
annexin V stained cells (Fig. 3A). On the other hand, 2% of the cells
incubated with ribavirin (20 μM) were annexin V positive (Fig. 3B).
The cells incubated with MPA (20 μM) showed a similar result, with
2.8% annexinV positive cells (Fig. 3C). These results suggest the pres-
ence of a sub-population displaying PCD features when parasites
were incubated with IMPDH inhibitors.
3.4. Analysis of L. amazonensis mitochondrial membrane potential
For detection of the mitochondrial membrane potential, the mi-
tochondrialmarker DioC6was used (Korchak et al., 1982). Promastigote
forms of L. amazonensis were incubated with MPA or ribavirin (20
and 50 μM), collected and analyzed for DioC6 ﬂuorescence staining
Fig. 1. Impdh expression pattern in L. amazonensis promastigotes (P) and amastigotes
(A) maintained in axenic cultures. RT-PCR for impdh and ITS from L. amazonensis,
subjected to heat shock (37 °C for 4 hours) or not (22 °C); and from third and sixth
days of an amastigote axenic culture. Signiﬁcant difference was observed between
the 37 and 22 °C incubation (p = 0.0367).
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Fig. 2. Analysis of L. amazonensis promastigote growth in the presence of several IMPDH inhibitors. Cells were incubated in the absence of IMPDH inhibitors or in the pres-
ence of 0.1–10 μM of Tiazofurin (A), Benzamide Riboside (B), MPA (C) and Ribavirin (D). Signiﬁcant growth differences were observed upon MPA and Ribavirin treatment:
MPA 1 μM – 24 h (0.0018), 48 h (0.0048), 72 h (>0.0001), 96 h (0.0007), 120 h (>0.0001), 144 h (0.0005), 196 h (0.0027); MPA 10 μM – 24 h (0.0017), 48 h (0.0049), 72 h
(>0.0001), 96 h (0.0005), 120 h (>0.0001), 144 h (>0.0001), 196 h (>0.0001); Ribavirin 1 μM – 24 h (0.0080), 48 h (0.0242), 72 h (0.0016), 96 h (0.0068), 120 h (0.0106); Ribavirin
10 μM – 24 h (0.0089), 48 h (0.0051), 72 h (>0.0001), 96 h (0.0006), 120 h (>0.0001), 144 h (>0.0001), 196 h (>0.0001).
Fig. 3. Flow cytometric analysis of L. amazonensis promastigotes grown during 6 days in the absence of IMPDH inhibitors incubated with Annexin V-FITC (A); in the pres-
ence of 20 μM of Ribavirin incubated with Annexin V-FITC (B); and with 20 μM of MPA incubated with Annexin V-FITC (C).
35A.N. Pitaluga et al./Experimental Parasitology 149 (2015) 32–38
on the 1st, 3rd, 5th and 6th day of cultures. Four independent ex-
periments gave similar data with a representative result displayed
in Fig. 4. Analyses of cells culturedwith either inhibitor for 1 day dem-
onstrated a small effect on hyperpolarization of ΔΨmt. On the third
day of treatment an increase of hyperpolarization was observed
(Fig. 4). On the ﬁfth day of culture, less depolarization of the mito-
chondrial membrane potential was observed and on the sixth day,
the ΔΨmt was similar to the untreated cells.
Fig. 4. Analysis of L. amazonensis mitochondrial membrane potential. Promastigotes were cultured with and without MPA and ribavirin for 1, 3, 5 and 6 days followed by
incubation with DioC6. The gray area represents untreated cells, gray and black lines represent cells treated with IMPDH inhibitors (20 and 50 μM, respectively). Cells treated
with MPA for 1 (A), 3 (B), 5 (C) and 6 days (D). Cells treated with ribavirin for 1 (E), 3 (F), 5 (G) and 6 days (H).
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4. Discussion
Although programmed cell death in unicellular organisms is still
seen with some skepticism (Proto et al., 2013), there is increasing
evidence that this is an ancestral phenomenon present in all eu-
karyotic cells (Taylor-Brown and Hurd, 2013).
During the Leishmania life cycle, these parasites are subjected
to several kinds of stress, both as extracellular promastigote forms
in the insect vector or as intracellular amastigote forms inside mam-
malian macrophages. Inside the sand ﬂy gut and later in the
mouthparts, Leishmania faces a nutrient shortage. Following the sand
ﬂy bite the infective promastigotes encounter an abrupt tempera-
ture shift in the mammalian host that affects many biological
functions. It has been demonstrated that a portion of the para-
sites dies by PCD in both these processes. PCD was observed in
approximately 20% of promastigotes subjected to heat-shock
(Moreira et al., 1996) in vitro. PCD activation was also detected in
Leishmania treatedwith leishmanicidal and apoptotic-inducible drugs
(Arnoult et al., 2002; Hazra et al., 2012; Lee et al., 2002). However,
the natural events triggering PCD in Leishmania remain largely
unknown.
PCD might be triggered by several stimuli including imbalance
of nucleotide pools (Oliver et al., 1996). Leishmania must scavenge
purines from both the vertebrate and invertebrate hosts in order
to establish a nucleotide pool. Thus, the purine salvage pathway of
Leishmania is a particularly good candidate for drug development
(Boitz et al., 2012). One enzyme of this pathway, IMPDH, was shown
to be essential for parasite development, since Leishmania donovani
impdh knockouts were unable to grow in vitro in the absence of
adenine, adenosine, hypoxanthine and inosine (Fulwiler et al., 2011).
The nutrient shortage found inside the insect vector and the impdh
down-regulation after heat shock might be molecular events that
contribute to PCD triggering in Leishmania. The hypothesis of nu-
tritional stress inside sand ﬂies being related to Leishmania cell death
was raised previously (Proto et al., 2013). The arthropod salivary
gland produces a variety of nucleotide-metabolizing enzymes, in-
cluding purine nucleosidases, with multiple functions in
hematophagic activity (Gounaris and Selkirk, 2005; Ribeiro and
Francischetti, 2003; Ribeiro and Valenzuela, 2003). These enzymes
might limit purine availability in the sand ﬂy mouthparts. This low
purine availability might result in cell cycle arrest followed by the
appearance of PCD markers in parasites inside the sand ﬂy. Indeed,
the IMPDH inhibitors MPA and ribavirin demonstrate a
leishmaniostatic activity like other nucleoside analogs (Hasan et al.,
2006). Such scenario is supported by Wanderley et al. (2009), who
detected PCD phenotype in metacyclic Leishmania present in the
foregut of L. longipalpis 10 days after infected blood ingestion. Sim-
ilarly, down-regulation of impdh due to heat shock during sand ﬂy
to mammalian transmission, which we mimicked by using IMPDH
inhibitors, leads to a Leishmania PCD phenotype, which was previ-
ously observed in vitro (Moreira et al., 1996). Accordingly, inhibition
of IMPDH in human erythroleukemia cells by tiazofurin decreased
cellular GTP concentration, down-regulated ras and myc onco-
gene expression, induced differentiation and caused cell death by
apoptosis (Franchetti et al., 2000; Vitale et al., 1997). IMPDH in-
hibitors had an effect on cellular growth and the appearance of an
apoptotic phenotype in L. amazonensis, which responded differ-
ently to different inhibitors. The lack of inhibitory effect by tiazofurin
and benzamide riboside on this parasite might be explained by the
absence or low expression of the parasite enzymatic system needed
for adequate activation of these pro-drug inhibitors into the re-
spective NAD analogs that exert inhibition of IMPDH (Pillwein et al.,
1993; Yalowitz and Jayaram, 2002). Indeed, the key enzyme re-
quired to activate these two pro-drugs (NMN adenylyltransferase)
is absent from the Leishmania genome database. MPA, on the other
hand, has been shown to occupy the nicotinamide site on IMPDH
without activation (Pankiewicz et al., 2002), consistent with the
action we detected. Likewise, ribavirin in various cells is phos-
phorylated to its 5′-monophosphate, which mimics IMP and thus
inhibits IMPDH activity (Browne, 1979).
PS exposure and changes in mitochondrial membrane poten-
tial were evaluated in parasites grown in the presence of MPA and
ribavirin. Cellular externalization of PS and PI labeling were not de-
tected in untreated cells, showing that the parasite culture displayed
high viability. However, after 24 hours of MPA and ribavirin treat-
ment, a subpopulation of parasites exposed PS on the outer surface
of the cytoplasma membrane, without showing signs of necrosis.
To further examine the association of PCD with IMPDH activi-
ty, we examined the ΔΨmt in L. amazonensis treated with MPA and
ribavirin. Previous studies have demonstrated the effect of ΔΨmt
imbalance leading to apoptosis of L. donovani promastigotes (Mehta
and Shaha, 2004). Our results obtained during drug-induced IMPDH
inhibition demonstrate a detectable hyperpolarization of ΔΨmt after
1 day of incubation with an intense hyperpolarization observed on
the third day. On the ﬁfth and sixth days of culture, the hyperpo-
larization was reduced to levels similar to parasites growing in the
absence of IMPDH inhibitors. Similar ΔΨmt variation was ob-
served in early apoptotic stages of mammalian cells (Giovannini et al.,
2002). In fact, the transient hyperpolarization of the ΔΨmt might
be considered a characteristic feature that precedes apoptosis mo-
lecular events (Matarrese et al., 2003; Skulachev, 2006). Indeed, the
timing of ΔΨmt recovery is consistent with the appearance of a small
population of Annexin-V positive Leishmania.
In this work we have shown that heat shock, which follows the
release of promastigote forms into the bloodstream of a mamma-
lian host, results in a reduction of impdh expression. We mimicked
this effect by using IMPDH inhibitors. We demonstrated that MPA
and ribavirin-treated Leishmania generated PS externalization on a
sub-population of parasites and a transient hyperpolarization of mi-
tochondrial membrane potential.
Our ﬁndings suggest that, the reduction of the nucleotide pool
might be the crucial event which leads to a PDC phenotype in Leish-
mania. This nutritional stress might be caused by a combination of
factors such as the low nucleotide availability inside the sand ﬂy
and the impdh down-regulation upon mammalian host infection.
Taken together our data suggest the participation of the purine me-
tabolism of Leishmania in parasite population control.
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